Larvae of the Shonai ecotype of the rice stem borer, Chilo suppressalis, were in diapause until October when the ambient temperature was relatively high and most of the larvae terminated diapause in November before winter. The cold hardiness of field-collected larvae was low at the diapause stage, but relatively high at the post-diapause stage. Glycerol was scarcely detected at the diapause stage, but its content increased at the post-diapause stage. Conversion between glycogen and glycerol was found in diapausing larvae during temperature acclimation (0-30°C), but a time lag between glycogen loss and glycerol increase was detected under field conditions. The results obtained for the Shonai ecotype are compared with those of the other main ecotype of this species, the Saigoku ecotype.
INTRODUCTION
Japan is a long (24-45°N) and narrow island country with climates varying from sub-tropical to cool temperate. The rice stem borer, Chilo suppressalis Walker, which is distributed all over the islands, is one of the most important rice pests in Japan. The borer has a bivoltine life cycle in most parts of Japan, except for the southern parts of Shikoku and Kyushu islands, where it is trivoltine, and Hokkaido and some parts of northern Honshu, where it is univoltine (Ishikura, 1955; Fukaya and Mitsuhashi, 1961; Kishino, 1974) . The bivoltine borer in Japan is divided into at least two ecotypes, "the Shonai ecotype" and "the Saigoku ecotype" according to physiological properties (Fukaya and Mitsuhashi, 1961) . The Shonai ecotype is distributed in the northern part of Japan, whereas the Saigoku ecotype is in the southern part. Overwintering mature larvae of both ecotypes undergo a facultative diapause which is induced by photoperiods below 14 h in autumn (Inoue and Kamano, 1957; Kishino, 1974) . The larval diapause of the Saigoku ecotype terminates in February, whereas in the Shonai ecotype, it terminates in November (Fukaya and Mitsuhashi, 1961) . Ambient temperature in Japan is lowest in January and February.
Diapause in the Shonai ecotype terminates before the coldest season, and terminates in the Saigoku ecotype after the coldest season. To elucidate the difference in diapause termination between these two ecotypes, a preliminary study on the relationships between diapause and cold hardiness in each ecotype is required. The physiological bases for diapause and cold hardiness in the Saigoku ecotype have been elucidated (Tsumuki and Kanehisa, 1978 , 1979 , 1980 Tsumuki, 1990) , but no systematic studies on the Shonai ecotype have been conducted.
Insects have evolved various adaptations to endure the adverse seasons in their life cycles. Low temperature is one of the major environmental obstacles to insect survival in temperate to arctic zones. Many insects inhabiting temperate zones endure environmental stresses by entering diapause (Tauber et al., 1986; Denlinger, 1991; Leather et al., 1993) . Cold hardiness and winter diapause are essential for survival in most overwintering insects. Three main patterns between cold hardiness and diapause are found in insects. First, cold hardiness is closely related to diapause, and cold hardiness is a part of the physiological expression of the diapause syndrome (Tauber et al., 1986; Denlinger, 1991; Koštál and Šimek, 1995) . Second, some overwintering insects express maximal cold hardiness at the post-diapausing stage, and cold hardiness is inversely associated with diapause status (Goto et al., 1993a (Goto et al., , b, 1998 (Goto et al., , 2001 . Another pattern was found in some diapausing species at the non-diapausing stage. Cold hardiness is independent of diapause. Cold hardiness at the non-diapausing stage is not as high as that of the diapause stage reared at the same temperature, and is also low in response to temperature acclimation (Nordin et al., 1984; Chen et al., 1987) . The aim of this study was to examine the characteristics of diapause and cold hardiness in the Shonai ecotype of overwintering (diapause and post-diapause) C. suppressalis larvae.
MATERIALS AND METHODS

Insects and acclimation.
Overwintering larvae of C. suppressalis were collected from the paddy field in Takasaka in the Shonai district of Yamagata Prefecture (38°5ЈN, 39°5ЈE) from September to January (September 14, October 14, November 14, December 14 and January 14) in 1995-96. In acclimation experiments, the larvae (nϭ8) collected from the field in October were acclimated at 0, 10, 20 and 30°C for 15 d in the dark, respectively. Glycerol, trehalose, glycogen and lipid were measured after the treatment.
Ambient temperature. Field temperatures were automatically recorded with a meteorological instrument (NAKAASA, M806), which was set at the same sampling location.
Days before adult emergence. Overwintering larvae (nϭ20) collected from the field every month were incubated at 25°C under a photoperiod of 12 h light and 12 h dark (12L-12D), and then adult emergence was observed every day for 90 days.
Survival rate after exposure to ؊15°C. Fieldcollected larvae (nϭ20) were transferred into a temperature-controlled chamber, whose temperature was lowered at a rate of 5°C/h till Ϫ15°C, held at Ϫ15°C for 24 h, and then slowly raised to 20°C. After 24 h and 72 h, the numbers of living and dead larvae were counted. Larvae showing no movement and loose body segments were considered as dead.
Chemical analyses. Glycerol and trehalose were measured by gas liquid chromatography as described by Goto (1995) . Glycogen was determined by the phenol/sulfuric acid method (Goto et al., 1993a) . Lipids were assayed as described by Goto et al. (1998) .
Statistical analysis. Statistical analysis was carried out by one-way analysis of variance, followed by Tukey's multi-range test, using the SAS statistics package.
RESULTS
Changes in the intensity of diapause and cold hardiness during overwintering
The average ambient temperature in the Shonai district (Takasaka farm) in 1995-96 was about 19.0°C in September, 16.0°C in October, 8.5°C in November, then reached a minimum near 0°C in January (Fig. 1A) . A significant difference in the period required for adult emergence at 25°C incubation was observed among the different collecting months (Fϭ 60.93, pϽ0.001 ; Fig. 1B) . The period decreased from 88.9 days in September to 53.3 days in October (pϽ0.05), and then to 27.3 days in November (pϽ0.05). Thereafter, the periods were almost constant from November to January.
Overwintering larvae were exposed to Ϫ15°C for 24 h to examine their cold hardiness (Fig. 1C) . No larvae collected in September survived after the subzero temperature exposure. However 50% of the larvae collected in October and 80% of the larvae collected in November survived. All larvae collected in December and January survived after the subzero temperature exposure, showing that these larvae achieve a high degree of cold hardiness.
Changes in sugar and glycogen contents under field and acclimated conditions
In overwintering larvae, the major sugar was trehalose and the major polyol was glycerol. Figure  2A shows the profiles of glycerol and trehalose contents in the haemolymph of overwintering larvae. Glycerol content differed significantly during the overwintering season (Fϭ48.88, pϽ0.001). Glycerol was scarcely detected in September and October, but the content was 74.7 mmol/ml in November, and 94.5 mmol/ml in December. Then, the content reached 293.0 mmol/ml in January, representing a 3-fold increase over that in the previous month (pϽ0.05). The trehalose content in the haemolymph remained constant with a mean value of 64.9 mmol/ml from September to January (Fϭ2.29, pϭ0.079). Figure 3A shows the effect of acclimation temperatures on glycerol contents in the diapausing larvae collected in October. Glycerol content changed significantly among the acclimated temperatures (Fϭ17.60, pϽ0.001). The 0°C-acclimated larvae accumulated higher contents of glycerol in the haemolymph (72.2 mmol/ml) compared with the 10°C-acclimated larvae (pϽ0.05), although no significant difference in content was observed among acclimations at higher temperatures (10, 20 and 30°C).
A significant change in glycogen content was found from September to January (Fϭ9.69, pϽ0.001; Fig. 2B ). The glycogen content was 174.1 mmol/g in September, and then decreased drastically in October at 50.6 mmol/g (pϽ0.05). Afterward, the content remained constant from October to December, and then decreased slightly from December to January (p>0.05).
Significant differences in glycogen contents were detected among the various acclimation temperatures (Fϭ16.43, pϽ0.001; Fig. 3B ). The glycogen content of larvae acclimated at 10°C (49.8 mmol/g) was not significantly different from that of larvae acclimated at 20°C (58.8 mmol/g). Acclimation at 0°C reduced the glycogen content significantly to 33.9 mmol/g compared with the acclimation at 10°C (pϽ0.05). The glycogen content at 30°C also decreased more than that at 20°C (pϽ0.05).
Changes in lipid content under field and acclimated conditions
A significant change in lipid content was found from September to January (Fϭ49.34, pϽ0.001; Fig. 2B ). The total lipid content of field-collected larvae was 443.2 mg/g in September, and then de- creased sharply in October at 158.8 mg/g (pϽ 0.05). After that, the content was almost constant from October to December, and then decreased slightly from December to January at 103.1 mg/g (pϾ0.05). Figure 3C shows the effects of acclimation temperatures on the lipid contents of field-collected larvae in October. No significant changes were detected in lipid contents in the full range of acclimation temperatures (Fϭ1.44, pϭ0.25), although acclimation at 30°C caused a slight decrease compared with that at other temperatures.
DISCUSSION
The Shonai ecotype of C. suppressalis has a shorter diapause duration than the Saigoku ecotype, terminating diapause after the cold season in February (Fukaya and Mitsuhashi, 1961) . The Shonai ecotype terminates diapause in November when the mean ambient temperature (8.5°C) is below the threshold temperature (10-12°C) for larval development (Kishino, 1974) . This suggests that the Shonai ecotype does not require a low temperature (below 8.5°C) to terminate diapause.
The Saigoku ecotype shows a high level of cold hardiness at the diapause stage (Tsumuki, 1990) , whereas the Shonai ecotype shows a low level of cold hardiness at the diapausing stage, but a relatively high degree of cold hardiness at the post-diapausing stage. Overwintering insects often accumulate polyols and sugars, such as glycerol and trehalose, as cryoprotectants to endure cold stress. In the Saigoku ecotype larvae, glycerol accumulation is closely related to diapause phenomena (Tsumuki and Kanehisa, 1978, 1980; Tsumuki, 1990) . In the Shonai ecotype, however, glycerol was not detected in field-collected larvae at the diapause stage, whereas it accumulated to a high level at the postdiapause stage. The same case was also found in the oriental corn borer Ostrinia furnacalis (Goto et al., 2001) . Glycerol contents in O. furnacalis larvae at the post-diapause stage were higher than those at the diapause stage. These findings suggest that, in the Shonai ecotype, larvae of C. suppressalis at the post-diapause stage seem to divert more carbon sources to glycerol synthesis than do larvae at the diapause stage, and glycerol accumulation is not closely associated with the diapause stage. The different contents of glycerol in field-collected larvae indicate that low temperature (near 0°C) is an important factor for triggering glycerol accumulation in the Shonai ecotype larvae. It is impossible for the larvae to be exposed to low temperatures (near 0°C) in the field from September to October (the average ambient temperature is about 19-16°C), thus, glycerol was not detected in larvae collected from September to October. However, the average ambient temperature is about 0°C in January, which is lower than that in December (5°C), while glycerol content in January (293.0 mmol/ml) was higher than that in December (94.5 mmol/ml). These results suggest that glycerol accumulation in 326 M. Goto et al. Fig. 3 . Effect of acclimation temperature on the contents of glycerol in haemolymph (A), glycogen (B) and total lipids (C) in whole-bodies of the rice stem borer C. suppressalis. Larvae were collected from the field in October and then acclimated at 0, 10, 20 or 30°C for 15 days. Each symbol shows the mean value (ϮSEM) of eight replicates. Values labeled with the same letters on the same line are not significantly different at the 5% level by Tukey's test after ANOVA.
the Shonai ecotype larvae is optimal at low temperatures near 0°C.
Under field conditions, a maximal decrease in glycogen was found from September to October, but a maximal accumulation of glycerol occurred from December to January. Similar phenomena have been discovered in other overwintering insects, such as Epiblema scudderiana and Chasmias sp. (Ohyama and Asahina,1972; Rickards et al., 1987) . This suggests that glycogen is converted into not only glycerol but also other substances. Glycogen was converted to glycerol in diapausing larvae (in October) acclimated at 0°C. However, on a carbon basis, the loss of glycogen was less than the gain of glycerol. This may be because the glycogen content in acclimated larvae (0°C, 15 days) had already decreased in the field. The lipid contents in field-collected and temperature acclimated larvae suggest that lipid is not related to cold hardiness in overwintering borers.
In summary, larvae of the Shonai and Saigoku ecotype of C. suppressalis have different diapause and cold hardiness characteristics. Further studies are needed to elucidate the mechanisms responsible for these differences. Understanding the changes in activities of enzymes for glycogen degradation and glycerol accumulation in field-collected and acclimated larvae should be helpful in this regard.
